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Edited by Richard CogdellAbstract Dark-operative protochlorophyllide (Pchlide) oxido-
reductase is a nitrogenase-like enzyme consisting of the two com-
ponents, L-protein (BchL-dimer) and NB-protein (BchN–BchB-
heterotetramer). Here, we show that NB-protein is the catalytic
component with Fe–S clusters. NB-protein puriﬁed from Rho-
dobacter capsulatus bound Pchlide that was readily converted
to chlorophyllide a upon the addition of L-protein and Mg-
ATP. The activity of NB-protein was resistant to the exposure
to air. A Pchlide-free form of NB-protein puriﬁed from a
bchH-lacking mutant showed an absorption spectrum suggesting
the presence of Fe–S centers. Together with the Fe and sulﬁde
contents, these ﬁndings suggested that NB-protein carries two
oxygen-tolerant [4Fe–4S] clusters.
 2008 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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Nitrogenase-like enzymes play a critical role in chlorophyll
(Chl) and bacteriochlorophyll (BChl) biosynthesis [1]. Dark-
operative (light-independent) protochlorophyllide (Pchlide)
oxidoreductase (DPOR) catalyzes the stereo-speciﬁc reduction
of C17–C18 double bond of the D-ring of Pchlide, a porphy-
rin, to form a chlorin, chlorophyllide a (Chlide) [1]. In BChl
biosynthesis, a second nitrogenase-like enzyme Chlide oxidore-
ductase (COR) converts Chlide to a bacteriochlorin (3-vinyl
bacteriochlorophyllide a) by the stereo-speciﬁc reduction of
the C7–C8 double bond of the B-ring of Chlide [2]. These con-
versions aﬀect the Qy absorption of the pigments, causing a
more than 30 nm red-shift during the conversion from Pchlide
(628 nm in acetone) to Chlide (663 nm in acetone) by DPOR
and another 70 nm red-shift (734 nm in acetone) by COR [2].Abbreviations: Pchlide, protochlorophyllide; EPR, electron paramag-
netic resonance; DPOR, dark-operative protochlorophyllide oxidore-
ductase; Chl, chlorophyll; BChl, bacteriochlorophyll; Chlide,
chlorophyllide a
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doi:10.1016/j.febslet.2008.03.018Thus, generated spectroscopic properties of the pigments even-
tually determine the type of photosynthesis, namely oxygenic
type with Chl a or anoxygenic type with BChl a [3].
Nitrogenase is a complexmetalloenzyme catalyzing the reduc-
tion of dinitrogen (N2) to form ammonia (NH3). Nitrogenase
consists of two separable components, Fe protein and MoFe
protein (for review see [4]). Fe protein plays a role as an ATP-
dependent reductase speciﬁc for MoFe protein. Fe protein has
an oxygen-sensitive [4Fe–4S] cluster as the redox center that
bridges the two NifH protomers. The catalytic component
MoFe protein, a NifD–NifK heterotetramer, has two complex
metallocenters in pairs that are also oxygen-sensitive. One is a
[8Fe–7S] cluster called P-cluster and the other is a [1Mo–7Fe–
9S–X-homocitrate] cluster called FeMo-cofactor (FeMo-co).
Electrons from Fe protein are transferred to dinitrogen via P-
cluster and FeMo-co in MoFe protein to form ammonia.
Some nitrogenase-like features of DPOR have been con-
ﬁrmed by the reconstitution systems with puriﬁed components
[5] as well as COR [2]. DPOR consists of two separable com-
ponents L-protein and NB-protein. L-protein, a homodimer of
BchL, is an ATP-dependent reductase component speciﬁc for
NB-protein. An oxygen-sensitive [4Fe–4S] cluster is held by
the two protomers of L-protein that resembles the Fe–S cluster
of nitrogenase Fe protein [6]. NB-protein is a heterotetramer
of BchN and BchB as well as MoFe protein [7]. Thus, NB-pro-
tein has been proposed to be the catalytic component of
DPOR. However, there is no experimental evidence for this
assumption. Here, we report that NB-protein has biochemical
properties as the catalytic component of DPOR and that NB-
protein has two oxygen-tolerant [4Fe–4S] clusters rather than
complex metallocenters such as P-cluster and FeMo-co of
MoFe protein.2. Materials and methods
2.1. Strains and culture conditions
A photosynthetic competent mutant DB176 [2] and a DbchHmutant
ZY6 [8] of Rhodobacter capsulatus were used to overexpress NB-pro-
tein. DB176 and ZY6 transconjugants were cultivated photosyntheti-
cally [2] and heterotrophically [5], respectively.
2.2. Construction of overexpression plasmid
The bchN and bchB coding regions, which are located contiguously
on the chromosome, were ampliﬁed together from the R. capsulatus
genomic DNA with the primers bchNf2 (5 0- GCGGTACCGAG-blished by Elsevier B.V. All rights reserved.
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Fig. 1. (A) Plasmids for overexpression of 6xHN-BchN and Strep-
BchN with BchB in R. capsulatus. The plasmids pJN3NB and pJN4NB
were constructed to overexpress BchN as fusion proteins with 6xHN-
and Strep-tags, respectively. (B) Absorption spectra of acetone-
J. Nomata et al. / FEBS Letters 582 (2008) 1346–1350 1347CCTCGATTCGCCGACTTT-3 0) and bchBr2 (5 0-CTGGTACCTC
ATCGTGCATAATGGGCCTT-3 0), and ligated into the KpnI site
of pJN3 [6], yielding pJN3NB. Primers, bchNf3X (5 0-AGTTCGAG
AAGTCGGGGGTGAGCCTCGATTCGCCGACTTT-3 0) and
bchBr2, were used to amplify the 3 kb DNA fragment of the bchN
and bchB coding regions. Another 2 kb chimeric DNA fragment con-
taining the spectinomycin cartridge and the puc promoter was ampli-
ﬁed [2]. The second PCR reaction with the overlapping two
fragments was followed by ampliﬁcation with the primers pBBRT7f1
[2] and bchBr2. The ampliﬁed 5 kb fragment was ligated into the KpnI
site of pBBR1MCS2, yielding pJN4NB. The plasmids pJN3NB and
pJN4NB were introduced into R. capsulatus DB176 and ZY6 cells
by triparental mating [7].
2.3. Puriﬁcation of NB-protein and determination of the speciﬁc activity
Crude extracts were prepared as described previously [6]. All proce-
dures for NB-protein and L-protein puriﬁcation were carried out as de-
scribed [2]. Protein concentrations were determined using Protein
Assay (Bio-Rad) with bovine serum albumin as a standard. The spe-
ciﬁc activity of NB-protein was determined by titrating a ﬁxed amount
of Strep-NB-protein (3.6 lg) with various amounts of puriﬁed Strep-L-
protein (0.25–5.0 lg). The concentration of Pchlide was 9 lM. Assays
were carried out at 34 C for 7 min, and the amount of formed Chlide
was estimated from the absorption spectra of hexane-extracted acetone
phase [7]. The speciﬁc activity was calculated from the Vmax value that
was estimated from the titration curve.
2.4. EPR measurements and determination of metals and sulﬁde
Electron paramagnetic resonance (EPR) spectra were recorded as
described [6]. Metal and sulﬁde contents of NB-protein were measured
as described [6].
2.5. Preparation of Pchlide-saturated NB-protein and conversion of the
bound Pchlide to Chlide
An aliquot (2 ml) of crude extract prepared from DB176 harboring
pJN4NB was loaded onto a Strep-Tactin Sepharose column (0.6 ml of
50% slurry; IBA, Go¨ttingen, Germany) that was equilibrated with
wash buﬀer (100 mMHEPES–KOH; pH 8.0, 150 mMNaCl, 0.1% Tri-
ton X-100, 10 mM DTT and 12 mM sodium dithionite). After the col-
umn was washed with 0.4 ml of wash buﬀer, 0.4 ml of wash buﬀer
containing 25 lM of Pchlide was loaded onto the column to bind Pch-
lide to NB-protein. The column was washed with 1.2 ml of wash buﬀer
to remove non-bound Pchlide after the incubation for 10 min at 8 C.
Pchlide-saturated NB-protein was eluted out from the column by elu-
tion buﬀer (100 mM HEPES–KOH; pH 8.0, 150 mM NaCl, 2.5 mM
disthiobiotin, 10 mM DTT and 12 mM sodium dithionite). UV–visible
absorption spectra were recorded using a Jasco V550 spectrophotom-
eter (Jasco, Hachioji, Japan). To record the conversion of the bound
Pchlide to Chlide, we pre-mixed Pchlide-saturated NB-protein with
L-protein, dithionite and MgCl2, and started the reaction by the addi-
tion of ATP (5 mM). Absorption spectrum was recorded 5 min after
the addition of ATP.extracts from the reaction mixtures for the titration of NB-protein
with various amounts of L-protein. (C) Titration curve of NB-protein
with L-protein to determine the speciﬁc activity. The Chlide formation
rates were calculated from the absorption spectra of panel B. (inset)
SDS–PAGE of puriﬁed NB-protein (lane 2; 1 lg) and L-protein (lane
4; 1 lg) with Strep-tag. NB-protein and L-protein used for the titration
were puriﬁed from the crude extracts of DB176 harboring pJN4NB2.6. Oxygen sensitivity
NB-protein with 6 · NH-tag was puriﬁed in a buﬀer without sodium
dithionite in the anaerobic chamber, and exposed to air as described
[6]. NB-protein activity was assayed in a reaction mixture containing
an excess amount of L-protein as described above.(lane 1; 6 lg) and pJN4L (lane 3; 6 lg) by Strep-Tactin aﬃnity
columns, respectively.3. Results and discussion
3.1. Speciﬁc activity of NB-protein
To facilitate the puriﬁcation procedure of NB-protein, we
constructed two plasmids, pJN3NB and pJN4NB, to co-over-
express BchN and BchB proteins (Fig. 1A). A 6xHN-tag and
Strep-tag were fused to the N-terminal of BchN protein in
pJN3NB and pJN4NB, respectively. BchB protein was co-
puriﬁed with both aﬃnity tagged BchN proteins (Fig. 1C, in-
set). A ﬁxed amount of puriﬁed NB-protein was titrated with
L-protein to determine the speciﬁc activity of NB-protein(Fig. 1B and C). Chlide formation activity increased as the
L-protein concentration increased. When the ratio of L-pro-
tein/NB-protein was more than 3, the activity of Chlide forma-
tion reached a maximum (95.0 pmolChlide min
1). The speciﬁc
activity was 26.2 nmolChlide min
1 mg1. This value is much
lower than those of some MoFe proteins of nitrogenase [9]
from such as R. capsulatus (470 nmolammonia min
1 mg1)
and Azotobacter vinelandii (1040 nmolammnonia min
1 mg1).
However, it is comparable to that of FeFe protein of Fe-type
0.2 100)A
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nia min
1 mg1). In addition, it is also comparable to that of
the light-dependent Pchlide oxidoreductase (LPOR) from
angiosperms such as Avena sativa (20.9 nmolChlide min
1
mg1) and Pisum sativum (20.6 nmolChlide min
1 mg1),
though a cyanobacterial LPOR has much higher speciﬁc activ-
ity (270 nmolChlide min
1 mg1) [10].
3.2. Binding of Pchlide to NB-protein
NB-protein puriﬁed from DB176 showed a bright light green
color. The absorption spectrum of the colored NB-protein was
similar to that of free Pchlide in the buﬀer (Fig. 2A), suggesting
that the NB-protein binds Pchlide. This behavior is consistent
with the idea NB-protein functions as the catalytic component
in the DPOR complex. The amount of Pchlide in NB-protein
was estimated to be about 0.5 per NB-protein. To determine
the capacity of Pchlide binding of NB-protein, we added a high
concentration of Pchlide to a Strep-Tactin column bound NB-
protein, and a Pchlide-saturated NB-protein was eluted from
the column. The Pchlide-saturated NB-protein contained 1.1
Pchlide per NB-protein (data not shown). To examine whether
the bound Pchlide serves directly as the substrate, we con-
ducted an assay without exogenous Pchlide. The Pchlide-satu-
rated NB-protein was pre-incubated with L-protein, dithionite
and MgCl2, and the reaction was initiated upon the addition of700650450 500 550 600
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Fig. 2. (A) Absorption spectra of isolated NB-protein (solid line) from
DB18 with pJN4NB and Pchlide (dotted line) in the same buﬀer. (B)
Absorption spectra of Pchlid-saturated NB-protein containing L-
protein, MgCl2 and dithionite before the addition of ATP (solid line)
and 5 min after the addition of ATP (dotted line). Wavelength of the
Soret and Qy peaks of both forms are shown.ATP (Fig. 2B). The Pchlide was converted to Chlide without
delay (<3 s; Fig. 2B). This result suggested that the bound Pch-
lide molecules occupy the catalytic site of NB-protein to be
ready to react.
The other known Pchlide-binding protein is LPOR, which
presents as a ternary complex with Pchlide and NADPH.
Low temperature absorption spectrum of the LPOR ternary
complex from Synechocystis sp. PCC6803 exhibits Soret peak
at 446 nm and Qy peak at 642 nm [11]. Compared with free
Pchlide, a major spectral peak shift upon binding to protein
is observed in the Qy peaks in LPOR. In contrast, a marked
peak shift is observed in Soret peak with a minor peak shift
in Qy peak in NB-protein (Fig. 2A). Such a diﬀerence in the
peak shifts may reﬂect the environmental diﬀerence of Pchlide
in the proteins.
3.3. Fe–S cluster in NB-protein
Prominent absorption by Pchlide masked weak absorption
by iron–sulfur clusters in NB-protein. NB-protein was overex-
pressed in a DbchH mutant ZY6, which does not produce Pch-
lide [8]. The puriﬁed ‘‘naked’’ form of NB-protein showed a
broad absorption around 410 nm (Fig. 3A, line a). This spec-0.1
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Fig. 3. (A) Absorption spectra of ‘‘naked’’ form of NB-protein
prepared from DbchHmutant ZY6 in the presence of dithionite (a) and
after exposure to air (b). (inset) Oxygen tolerance of NB-protein.
Puriﬁed NB-protein (6xHN-tag) was exposed to air for various time
periods as described [6]. After exposure, aliquots were recovered and
the NB-protein activity was assayed. (B) EPR spectra of NB-protein
(blue line) and NB-protein in the presence of a small amount of L-
protein, MgCl2 and ATP (red line). EPR spectrum of L-protein alone
in the same concentration added to the NB-protein mixture was also
recorded as a negative control. Proteins were dissolved in Tris buﬀer
(Tris–HCl (pH 8.0), 10 mM dithithreitol, 10 mM b-mercaptoethanol
and 1.7 mM sodium dithionite). EPR spectrum was recorded at 20 K
with microwave power 20 mW, microwave frequency 9.403 GHz and
modulation frequency 100 kHz. The spectra were sums of 12 scans.
Relevant g-values are shown.
Table 1
Metal and acid labile sulfur contents of puriﬁed NB-protein (Strep-tag)
Co Cu Fe Mn Mo Ni V Zn Sa
NB-Protein ND ND 7.23 0.116 ND 0.235 ND 0.023 7.2
Metal and acid labile sulfur contents are shown as molar ratio to NB-protein (BchN–BchB heterotetramer).
ND: not detected.
aAcid labile sulfur content was determined by a colorimetric method [6].
J. Nomata et al. / FEBS Letters 582 (2008) 1346–1350 1349trum is similar to an oxidized form of ferredoxin with two
[4Fe–4S] clusters [12,13], even though the NB-protein was
puriﬁed under anaerobic conditions in the presence of dithio-
nite. The spectral feature did not change upon exposure to
air (Fig. 3A, line b). Interestingly, the NB-protein activity per-
sisted after the exposure to air for almost 2 h (Fig. 3A, inset),
which is contrast to MoFe protein that is inactivated by air
exposure with a half-life of approximately 10 min [14].
The probable iron–sulfur cluster in NB-protein was charac-
terized by EPR and metal analyses. NB-protein was EPR-si-
lent even though in the presence of dithionite (Fig. 3B, blue),
which is consistent with that the iron–sulfur cluster is oxidized
(Fig. 3A). To reduce the cluster, a small amount of L-protein
and ATP were added. A weak EPR signal was detected with g-
values of 1.94 and 1.92 (Fig. 3B, red), which is similar to that
reduced [4Fe–4S] clusters of ferredoxin I from R. capsulatus
[12,13]. It should be noted that the concentration of L-protein
added was too low to detect any EPR signals from the reduced
[4Fe–4S] cluster of L-protein (Fig. 3B, green). Such EPR sig-
nals under turnover conditions were observed in FeFe-protein
of Fe-type alternative nitrogenase [15]. Metal and sulﬁde con-
tents were determined (Table 1). Only iron (7.23 mol per NB-
protein) was reproducibly detected among eight kinds of met-
als examined. Sulﬁde content was 7.2 mol per NB-protein. The
contents of iron and sulfur are very close to 8.0 suggesting that
NB-protein has two [4Fe–4S] clusters.
Six Cys residues (three fromNifD and three fromNifK) coor-
dinate P-culster in MoFe protein. While the three Cys residues
are conserved in BchN (Cys26, Cys51, and Cys112), only one
Cys residue is conserved in BchB (Cys95) [1]. This Cys arrange-
ment is similar toNifE andNifN forming aNifEN complex, an-
other MoFe protein-like protein involved in the biosynthesis of
FeMo-co. Thus, it is likely that the threeCys fromBchNandone
Cys from BchB coordinate a [4Fe–4S] cluster as well as NifEN
complex [16]. The EPR signal similar to ferredoxin with two
[4Fe–4S] clusters and the contents of iron and sulﬁde support
that the presence of two [4Fe–4S] clusters in NB-protein. How-
ever, the NB-protein behavior was unusual in the oxygen-toler-
ance and the EPR-silent state probably [4Fe–4S]2+ in the
presence of dithionite. We do not exclude the possibility that
some residues other than expected Cys residues might coordi-
nate the cluster, which may generate the unusual properties.
Crystallographic structural and physicochemical analyses with
site-directed mutagenesis are needed to identify the residues
coordinating the Fe–S clusters of NB-protein. This overexpres-
sion system in R. capsulatus is promising for such an approach.4. Conclusion
This is the ﬁrst report of characterization of the NB-protein
of DPOR. The speciﬁc activity of the puriﬁed NB-protein is
comparable to that of FeFe protein of alternative nitrogenasefrom A. vinelandii and plant LPOR. The results of UV–visible
absorption, EPR spectral and metal analyses suggested that
NB-protein has oxygen-tolerant [4Fe–4S] clusters in pairs
rather than complex clusters such as P-cluster and FeMo-co
in MoFe protein. The Pchlide-binding property of NB-protein
not only support the function of NB-protein as the catalytic
component but also provides a basis for detailed kinetic anal-
ysis by spectroscopic methods as described in LPOR [17].
While NB-protein of DPOR is a counterpart for MoFe protein
of nitrogenase, the structural architecture including metallo-
centers greatly diverge between them, which might reﬂect the
large diﬀerence in the substrates, Pchlide and N2.
Acknowledgements:We thank Akira Watanabe and Etsuko Miyamoto
for the metal analysis with ICP. We thank Tatsuo Omata and Kazuki
Terauchi for valuable discussion. This work was supported by Grants-
in-Aid for Scientiﬁc Research Nos. 14390051 (to K.I.), 19570036,
15570033, 13CE2005, 14COEA2 (to Y.F.) from Japan Society for
the Promotion of Science (JSPS), and Toyoaki Scholarship Founda-
tion and The Japan Securities Scholarship Foundation (to Y.F.).
The High-tech Research Center Project from the Ministry of Educa-
tion, Culture, Sports, Science and Technology of Japan to KI.
J.N. is also grateful for a Fellowship from the JSPS for Japanese
Junior Scientists (19010733).References
[1] Fujita, Y. and Bauer, C.E. (2003) The Light-independent Proto-
chlorophyllide Reductase: A Nitrogenase-like Enzyme Catalyzing
a Key Reaction for Greening in the Dark in: Chlorophylls and
Bilins: Biosynthesis, Synthesis, and Degradation (Kadish, K.M.,
Smith, K.M. and Guilard, R., Eds.), Porphyrin Handbook, Vol.
13, pp. 109–156, Academic Press, San Diego.
[2] Nomata, J., Mizoguchi, T., Tamiaki, H. and Fujita, Y. (2006) A
second nitrogenase-like enzyme for bacteriochlorophyll biosyn-
thesis: reconstitution of chlorophyllide a reductase with puriﬁed
X-protein (BchX) and YZ-protein (BchY–BchZ) from Rhodob-
acter capsulatus. J. Biol. Chem. 281, 15021–15028.
[3] Gomez-Maqueo Chew, A. and Bryant, D.A. (2007) Chlorophyll
biosynthesis in bacteria: the origins of structural and functional
diversity. Annu. Rev. Microbiol. 61, 113–129.
[4] Igarashi, R.Y. and Seefeldt, L.C. (2003) Nitrogen ﬁxation: the
mechanism of the Mo-dependent nitrogenase. Crit. Rev. Bio-
chem. Mol. Biol. 38, 351–381.
[5] Fujita, Y. and Bauer, C.E. (2000) Reconstitution of light-
independent protochlorophyllide reductase from puriﬁed BchL
and BchN–BchB subunits: in vitro conﬁrmation of nitrogenase-
like features of a bacteriochlorophyll biosynthesis enzyme. J. Biol.
Chem. 275, 23583–23588.
[6] Nomata, J., Kitashima, M., Inoue, K. and Fujita, Y. (2006)
Nitrogenase Fe protein-like Fe–S cluster is conserved in L-protein
(BchL) of dark-operative protochlorophyllide reductase from
Rhodobacter capsulatus. FEBS Lett. 580, 6151–6154.
[7] Nomata, J., Swem, L.R., Bauer, C.E. and Fujita, Y. (2005)
Overexpression and characterization of dark-operative protochlo-
rophyllide reductase from Rhodobacter capsulatus. Biochim.
Biophys. Acta 1708, 229–237.
[8] Bollivar, D., Suzuki, J., Beatty, T., Dobrowolski, J.M. and Bauer,
C.E. (1994) Directed mutational analysis of bacteriochlorophyll a
biosynthesis in Rhodobacter capsulatus. J. Mol. Biol. 237, 622–640.
1350 J. Nomata et al. / FEBS Letters 582 (2008) 1346–1350[9] Eady, R.R. (1996) Structure-function of alternative nitrogenases.
Chem. Rev. 96, 3013–3030.
[10] Masuda, T. and Takamiya, K. (2005) Novel insights into the
enzymology, regulation and physiological functions of light-
dependent protochlorophyllide oxidoreductase in angiosperms.
Photosynth. Res. 81, 1–29.
[11] Heyes, D.J., Ruban, A.V., Wilks, H.M. and Hunter, C.N. (2002)
Enzymology below 200 K: the kinetics and thermodynamics of
the photochemistry catalyzed by protochlorophyllide oxidoreduc-
tase. Proc. Natl. Acad. Sci. USA 99, 11145–11150.
[12] Saeki, K., Tokuda, K., Fukuyama, K., Matsubara, H., Nada-
nami, K., Go, M. and Ito, S. (1996) Site-speciﬁc mutagenesis of
Rhodobacter capsulatus ferredoxin I, FdxN, that functions in
nitrogen ﬁxation. Role of extra residues. J. Biol. Chem. 271,
31399–31406.
[13] Naud, I., Meyer, C., David, L., Breton, J., Gaillard, J. and
Jouanneau, Y. (1996) Identiﬁcation of residues of Rhodobactercapsulatus ferredoxin I important for its interaction with nitro-
genase. Eur. J. Biochem. 237, 399–405.
[14] Yates, M.G. and Planque´, K. (1975) Nitrogenase from Azotobac-
ter chroococcum. Puriﬁcation and properties of the component
proteins. Eur. J. Biochem. 60, 467–476.
[15] Siemann, S., Schneider, K., Dro¨ttboom, M. and Mu¨ller, A. (2002)
The Fe-only nitrogenase and the Mo nitrogenase from Rhodob-
acter capsulatus. A comparative study on the redox properties of
the metal clusters present in the dinitrogenase components. Eur. J.
Biochem. 269, 1650–1661.
[16] Goodwin, P.J., Agar, J.N., Roll, J.T., Roberts, G.P., Johnson,
M.K. and Dean, D.R. (1998) The Azotobacter vinelandii NifEN
complex contains two identical [4Fe–4S] clusters. Biochemistry
37, 10420–10428.
[17] Heyes, D.J. and Hunter, C.N. (2005) Making light work of
enzyme catalysis: protochlorophyllide oxidoreductase. Trends
Biochem. Sci. 30, 642–649.
